One of the most fundamental devices for electronics and optoelectronics is the PN junction, which provides the functional element of diodes, bipolar transistors, photodetectors, LEDs, and solar cells, among many other devices. In conventional PN junctions, the adjacent p-and ntype regions of a semiconductor are formed by chemical doping. Materials with ambipolar conductance, however, allow for PN junctions to be configured and modified by electrostatic gating. This electrical control enables a single device to have multiple functionalities. Here we report ambipolar monolayer WSe 2 devices in which two local gates are used to define a PN junction exclusively within the sheet of WSe 2 . With these electrically tunable PN junctions, we demonstrate both PN and NP diodes with ideality factors better than 2. Under excitation with light, the diodes show photodetection responsivity of 210 mA/W and photovoltaic power generation with a peak external quantum efficiency of 0.2%, promising numbers for a nearly transparent monolayer sheet in a lateral device geometry. Finally, we demonstrate a lightemitting diode based on monolayer WSe 2 . These devices provide a fundamental building block for ubiquitous, ultra-thin, flexible, and nearly transparent optoelectronic and electronic applications based on ambipolar dichalcogenide materials.
and the DC current through the device, I ds , is measured at the drain.
The voltages on the two gates, V lg for the left gate and V rg for the right gate, independently control the carrier density in the left and right sides of the monolayer. In this way the device can be electrostatically doped into various conducting regimes (Fig. 1) . With both sides of the device n-doped (V lg = V rg = 10 V, denoted NN) or both sides p-doped (V lg = V rg = −10 V, denoted PP), the device shows an Ohmic current-voltage relation at low V ds (Fig. 1b) . The device has a significantly higher conductance in the NN configuration, most likely due to lower contact resistance between the gold and the WSe 2 for n-type conductors, as has been observed in MoS 
where V T = k B T /q is the thermal voltage at a temperature T , k B is the Boltzmann constant, and q is the electron charge. I 0 is the reverse bias current, and n is the diode ideality factor, where n = 1 denotes an ideal diode. The W function is the Lambert W function 30 .
The fits give ideality factors of n = 1.9 for both the PN and NP configurations, indicating that the current is mostly limited by recombination rather than diffusion 29 . The series resistances extracted from the fits are R s = 3M Ω for PN and R s = 5M Ω for NP. We note that our data do not strongly constrain the value of the reverse-bias saturation current because it is below the 1 pA noise floor of our measurements. An increase in current at high reverse bias indicates a shunt resistance across the junction of order 0.5 TΩ. Both diodes have rectification factors of 10 5 and reverse bias currents less than 1 pA up to |V ds | = 1 V, which are promising characteristics for low power electronics.
A more complete view of transport through the device is shown in a map of current as a function of the two independent back gates ( To investigate the optoelectronic properties of monolayer WSe 2 PN diodes we begin by using scanning photocurrent microscopy ( Fig. 3a) to measure current through the device as a laser spot (≈ 2µm diameter) is scanned over the sample. With the gates set to the NP configuration, photons impinging on the junction create electron-hole pairs that are separated to opposite contacts by the electric field at the junction, generating a photocurrent. By scanning the beam (75 µW, 830 nm diode laser) over the sample and measuring drain current at V ds = 0, we obtain a spatial map of the photoresponse of the junction (Fig. 3b) . Calibrating the photocurrent map with a simultaneously acquired image of reflected light from the sample (see Supplementary Information), we overlay the positions of the contacts and gates to demonstrate that photocurrent arises when the light hits the junction. A line cut through the center of the photocurrent map is shown in Fig. 2c with the positions of the contacts and the junction illustrated for reference.
At relatively large V ds while in the NP gate configuration, a substantial photocurrent is generated as the junction is illuminated with a 532 nm diode laser. The I ds − V ds curves at laser powers 0 − 10µW are shown in Fig. 3d . The photocurrent, I ph = I ds,light − I ds,dark , at V ds = −2 V and a In addition to photodetection, monolayer WSe 2 PN diodes are also capable of photovoltaic power generation. With the device in the NP configuration, current is measured as a function of V ds for various laser powers from a 700 nm band-pass filtered supercontinuum white light source (Fig. 4a) . The short-circuit current, I sc , which is the zero-bias current through the illuminated device, increases linearly with power up to at least 10 µW (Fig. 4a inset) . The power generated by the photovoltaic device, P = I ds · V ds , is shown for laser powers 0 − 10µW in Fig. 4b . The photovoltaic power generation also has a linear dependence on laser power (see Supplementary Information).
Varying V J , the asymmetric gate voltage that defines the junction, at different laser powers, we observe a saturation in the short circuit current when V J ∼ ±5 V (Fig. 4c) . The current is higher for the NP configuration than for PN due to a difference in contact resistances between the two contacts. We also note that the photocurrent due to the photovoltaic effect in these WSe 2 diodes is approximately an order of magnitude larger than photothermoelectric currents observed at the contacts of a monolayer MoS 2 field-effect transistor 31 .
To obtain spectrally resolved photocurrent in the NP configuration, we measure I sc as a function of excitation wavelength. To quantify the efficiency with which our device converts light into current at a particular wavelength, we extracted the external quantum efficiency, EQE = (I sc /P laser )(hc/eλ), as a function of wavelength, λ, at constant laser power, P laser , where h, c, and e, are Planck's constant, speed of light, and electron charge, respectively. We observe three peaks in the spectrally resolved photocurrent at 755, 591, and 522 nm (Fig. 4d) , corresponding to energies of 1.64, 2.10, and 2.38 eV, respectively, with a maximum EQE of 0.2% at 522 nm. These energies match well with the values predicted 8 and experimentally observed via photoluminescence, 5 differential reflectance, 19 and optical absorption spectroscopy 32 for the A, B, and A transitions of monolayer WSe 2 , as depicted in the band diagram in the inset to Fig. 4d .
Finally, we measure the electroluminescence spectrum of a second monolayer WSe 2 PN diode (Fig. 4d) . To improve hole injection, this device was fabricated with Pd instead of Au in contact with the p-type region of the WSe 2 (see Supplementary Information) . With the device in the PN configuration, V ds = 2 V and I ds = 100 nA, the device behaves as a light-emitting diode (LED).
The emitted light has a spectral peak at 752 nm, which corresponds with the direct gap exciton transition seen in the photocurrent spectrum (Fig. 4d) . Light emission and a peak at ∼ 750 nm can also be seen in the NP configuration (V ds = −2 V and I ds = 4 nA), with a peak height smaller in proportion to the reduced I ds . No emission is seen in either the NN (V ds = 2 V and I ds = 300 nA) or PP (V ds = 2 V and I ds = 500 nA) configurations, confirming that the gate-defined PN junction generates the electroluminescence.
Based on the performance of the devices presented here, we anticipate a prominent role for diodes and optoelectronic devices based on monolayer dichalcogenide PN junctions. Taking into account the three-atom thickness and low optical absorption of monolayer WSe 2 (Refs. 32,33) the responsivity and EQE reported here are quite substantial. Additionally, the device geometry could be optimized to significantly enhance photoresponse. In the split gate geometry studied here, the active region of the device is only a narrow line confined near the gap between the gates.
So only a fraction of the incident power from the laser spot contributes to photocurrent generation. We expect that a vertical junction structure based on transfer-aligned exfoliated flakes 25 or large-area dichalcogenides grown by chemical vapor deposition 32 could increase responsivity and external quantum efficiency by more than an order of magnitude. Further, improved contact to the dichalcogenide, particularly for holes, should dramatically improve device performance.
In conclusion, we have demonstrated electrically tunable PN diodes based solely on monolayer WSe 2 . These diodes strongly rectify current, in a direction selectable by the voltage settings of the two gates controlling the device. Both the PN and NP configurations have diode ideality factors of n = 1.9 and a rectification factor of 10 5 . When laser light is incident on the junction, these diodes produce a large photocurrent with a responsivity of 210 mA/W at high bias. At low bias, the diodes generate power via the photovoltaic effect, with a peak external quantum efficiency of 0.2% at 522 nm. The spectral response of the photocurrent from visible to near infrared wavelengths showed peaks corresponding to the three lowest excitonic transitions expected for monolayer WSe 2 . Finally, these devices can also function as light-emitting diodes with an electroluminescence peak at 752 nm. These PN junction diodes demonstrate the potential of monolayer WSe 2 , in addition to other direct gap semiconducting dichalcogenides, for novel electronic and optoelectronic applications. As device quality improves, they also lay the foundation for more fundamental quantum transport experiments 34 .
Note added: During the final preparation of this manuscript we became aware of similar work on PN diodes in monolayer WSe 2 (Ref. 35 ).
Methods
Device fabrication begins with exfoliation of bulk, natural WSe 2 (Nanosurf Inc.) down to fewlayered sheets using the mechanical cleavage method pioneered for graphene 4 . The thin flakes are deposited onto a glass/PDMS/MMA transfer slide as described in graphene-boron-nitride device fabrication 25, 26 , and single molecular layers were identified by optical contrast 24 Electroluminescence was measured using a liquid nitrogen cooled CCD with an integration time of 60 seconds. A background measured at V ds = 0 was subtracted from all four EL traces in Fig. 4d .
